Analysis of the pronase-derived glycopeptides of isolated mumps virus glycoproteins revealed the presence of both complex and high-mannose-type oligosaccharides on the HN and F, glycoproteins, whereas only high-mannose-type glycopeptides were detected on F,. Endoglycosidase F. a newly described glycosidase that cleaves N-linked high mannose as well as complex oligosaccharides, appeared to completely cleave the oligosaccharides linked to HN and F., whereas F1 was resistant to the enzyme. Two distinct cleavage products of F, were observed, suggesting the presence of two oligosaccharide side chains. Tunicamycin was found to reduce the infectious virus yield and inhibit mumps virus particle formation. The two glycoproteins, HN and F, were not found in the presence of the glycosylation inhibitor. However, two new polypeptides were detected, with molecular weights of 63,000 (HN lj) and 53,000 (F7l1), respectively, which may represent nonglycosylated forms of the glycoproteins. Synthesis of the nonglycosylated virus-coded proteins (L, NP, P, M, pl, and pll) was not affected by tunicamycin. The formation of HN oligomers and the proteolytic cleavage of the F protein were found to occur with the same kinetics. Analysis of the time course of appearance of mumps virus glycoproteins on the cell surface suggested that dimerization of HN and cleavage of F occur immediately after their exposure on the plasma membrane.
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Mumps virus is a member of the family paramyxoviridae (9) . In comparison with other paramyxoviruses, very little is known about the molecular biology of this virus. Mumps virus has only recently been adapted to cell culture, which has enabled more detailed studies of the viral components and their biosynthesis (4. 16, 20) . It has been shown previously that mumps virions contain two glycoproteins, which are designated HN and F, like other members of the paramyxovirus genus. The former glycoprotein is thought to have hemagglutinating and neuraminidase activities, and the latter is thought to be involved in cell fusion and virus penetration (17) . although this has not yet been directly demonstrated in the case of mumps virus. The F protein has been shown to be cleaved posttranslationally into two products, designated F, and F2 (4, 16, 20) , which are held together by disulfide bonds (16) . Thus, the glycoproteins of mumps virus appear to resemble closely those of other paramyxoviruses (7. 13, 21, 22) in the properties that have been studied.
In the present study, we have investigated the glycosylation of the mumps viral glycoproteins as well as the posttranslational events involved in their biosynthesis. The time course of the posttranslational modification of the viral glycoproteins was determined and was correlated with the kinetics of their appearance on the cell surface.
MATERIALS AND METHODS
Cells. Vero cells were obtained from the American Type Culture Collection and were grown in Dulbecco medium containing 5% newborn calf serum. LLC-MK. cells were purchased from Flow Laboratories and grown in the same medium.
Virus. The Enders strain of mumps virus was grown in Vero cells as described previously (4). Infectivity titers were determined by a plaque assay in Vero cells as described previously (4).
Radiolabeling and purification of mumps virions. Cells were infected as described (4). After adsorption.
Eagle medium containing 5 pCi of [ which was kindly provided by John Elder. The preparation of the enzyme has been described by Elder and Alexander (2) . At 
RESULTS

Glycopeptides of mumps virus glycoproteins.
The HN. Fl, and F2 glycoproteins of mumps virus were separated by polyacrylamide gel electrophoresis of purified r3H]mannose-labeled virions under reducing conditions. The isolated glycoproteins were digested extensively with pronase, and the resulting glycopeptides were analyzed by gel filtration on a Bio-Gel P6 column. Fig. l a shows that for HN, three size classes of glycopeptides were resolved, which are designated I, II, and III. Their apparent molecular weights were determined by using the glycopeptides of Sindbis virus as size markers; molecular weight estimates of 2,600, 2,200, and 1,900 were obtained. To determine whether these three size classes represent complex or mannose-rich glycopeptides, samples of the peak fractions were pooled and digested with endo-H. This enzyme is known to cleave mannose-rich glycopeptides between the two glucosamine residues adjacent to asparagine; complex glycopeptides are resistant to the action of this endoglycosidase (1, 29) . As shown in Fig. Id , peak I was unaffected by endo-H treatment. Peaks II and III. however, disappeared after digestion with endo-H, and a new peak was found at a lower molecular weight position. This result indicates that the largest glycopeptide size class is complex, whereas the two smaller ones are composed of mannose-rich glycopeptides. This conclusion is also supported by the observation that peak I was more prominent, in comparison to peaks II Analysis of the glycopeptides of F, on Bio-Gel P6 is shown in Fig. lc . The molecular weight of the major peak, designated II, was estimated as 1,700. Two minor peaks, designated I and III, with approximate molecular weights of 2,100 and 1,500, respectively, were also detected. All three peaks were sensitive to digestion with endo-H (Fig. if) , suggesting that the F2 cleavage product of the mumps fusion protein contains only oligosaccharides of the mannose-rich type.
Treatment of mumps viral glycoproteins with endo-F. To estimate the molecular weight of the protein portion of the mumps virion glycoproteins, attempts were made to remove the carbohydrate portion by digestion with endoglycosidases. The enzyme used was endo-F, which recently has been reported to cleave both mannose-rich and complex types of oligosaccharides via hydrolysis of the glycosidic bond of the di-Nacetylchitobiose core structure adjacent to asparagine (2) . The glycoproteins were isolated by Triton X-100 fractionation of purified mumps virions labeled with VH]leucine, treated for various periods of time with endo-F, and analyzed by polyacrylamide gel electrophoresis (Fig. 2) . Both HN and F2 were found to be sensitive to the action of endo-F, whereas F, appeared to be more resistant to the enzyme. The HN band decreased in apparent molecular weight with the duration of enzyme treatment, and protein label which migrated ahead of the position of the untreated HN glycoprotein appeared. After 120 min, no original HN remained, and a diffuse band was found with an apparent molecular weight of 65,000. In the case of F,, endo-F treatment resulted in the appearance of two new bands with molecular weights of about 14,000 and 12,000. The latter was the major species observed after prolonged digestion with enzyme. This suggests that F2 probably contains two oligosaccharide side chains and that the 14,000-molecular-weight band may represent polypeptides from which only one oligosaccharide chain is removed.
Effect of tunicamycin on the replication of mumps virus. To obtain information about the importance of glycosylation for mumps virus replication, the effect of tunicamycin was analyzed. This drug has been shown to inhibit the formation of lipid-linked N-acetylglucosamine compounds, which are necessary for the synthesis of the common core structure of N-linked oligosaccharides (28, 30 that tunicamycin inhibits particle formation of a number of viruses (11, 15, 24, 26) . With other viruses, particle formation occurs, but these virions may have reduced infectivity (12, 14, 24) . As shown in Table 1 , the amount of infectious mumps virus released into the medium was decreased drastically in the presence of tunicamycin. A concentration as low as 100 ng/ml caused the infectivity titer to drop by 99.9%. The hemagglutination titer was decreased proportionally. In the presence of tunicamycin, mumps virus-infected Vero cells released only low levels of radiolabeled material which could be pelleted by ultracentrifugation. After analysis by SDS-polyacrylamide gel electrophoresis, the material released from infected Vero cells in the presence of tunicamycin showed no similarity to the protein pattern obtained from untreated control samples. Not only were protein bands corresponding to the glycoproteins missing, but there were also no internal proteins L, NP, P, or M (data not shown). Thus, we conclude that tuni- Analysis of the intracellular proteins synthesized in the presence of tunicamycin revealed no difference in the non-glycosylated viral proteins as compared with untreated cells. However, no protein band could be detected above the background of cellular proteins, which might correspond to unglycosylated counterparts of the glycoproteins. Therefore. these experiments were repeated under conditions which selectively reduced the synthesis of cellular proteins. An especially effective method proved to be an incubation of the infected cells with leucine-free medium for 4 h before labeling. Figure 3 shows that under these conditions all viral structural proteins could be detected easily; in addition, it was possible to see the two low-molecularweight proteins pl and pll, which are not found in purified virions and which have been shown to be related in their amino acid sequence to the structural P protein (4). In the region of the gel where HN was expected. a doublet could be resolved. One of these two bands (p80) may represent a cellular protein since the synthesis of a protein with a molecular weight of 80,000 has been reported to be increased after infection with other paramyxoviruses (18 To investigate the effect of tunicamycin on viral morphogenesis, infected cells were examined by electron microscopy. In the absence of the drug (Fig. 4A and B) , viral nucleocapsids were observed to be associated with regions of the plasma membrane exhibiting projections on the external surface; often, these projections formed an unusually dense layer (Fig. 4B) . In the presence of tunicamycin, neither formation of virus nor association of nucleocapsids with the plasma membrane was observed, whereas assembly of nucleocapsids within the cytoplasm was apparently unaffected (Fig. 4C) were lysed and were analyzed by SDS-polyacrylamide gel electrophoresis after immunoprecipitation (Fig. 5 ). For detection of HN oligomers, samples were analyzed under nonreducing conditions, i.e., in the absence of mercaptoethanol (Fig. 5, lanes a through d) . Disulfide-linked HN glycoproteins were not detected in cells lysed 10 min after pulse-labeling (lane a) but were found after a 20-min chase period (lane b). The same samples were also analyzed under reducing conditions, i.e., in the presence of mercaptoethanol, to determine the kinetics of the proteolytic cleavage of F,. As shown in Fig.  5 , lane e, the cleavage products F1 and F2 were virtually absent in cells analyzed 10 min after pulse-labeling. After a chase period of 20 min (lane f), both proteins could be detected. Thus, both proteolytic cleavage of the F() protein and formation of disulfide bonds between HN monomers occur with similar kinetics. It is noteworthy that the glycoproteins were found as rather broad bands which actually were composed of multiple bands that could be seen after shorter exposure of the films. This indicates the existence of several forms of the glycoproteins, which are also found after longer chase periods. Some of these immature forms reach the cell surface, as shown in Fig. 6 ; they were not, however, detected in virions (data not shown).
Appearance of mumps viral glycoproteins on the cell surface. The results shown in Fig. 5 suggest that the proteolytic cleavage of the F protein as well as dimerization of the HN glycoprotein are late events in the pathway to the plasma membrane. Therefore, it was of interest to correlate these events with the rate of appearance of the mumps viral glycoproteins on the cell surface. In an experiment similar to that shown in Fig. 5 .. Magnifications: A, x39,000; B, x68,000; C. x60,OOO.
For this purpose, rabbit hyperimmune serum against mumps virus was added to intact cells at intervals after labeling. After the removal of unbound antibodies by thorough washing, cells were lysed and processed for immune precipitation. Upon analysis by SDS-polyacrylamide gel electrophoresis, only glycoproteins which were exposed on the cell surface should be detectable. The results (Fig. 6) show that some F protein could already be found on the cell surface after a 10-min chase period. At that time, the F protein was not yet in the mature form, as indicated by the absence of the cleavage products F1 and F, (Fig. 6, lane e) mentioned above, no band corresponding to the immature F protein was detected in purified virions. The cleaved F protein could be detected on the cell surface 20 min after the labeling period, and it increased in amount with longer chase intervals (Fig. 6, lanes f through h) . Under reducing conditions, some HN could already be detected 10 min after labeling (lane e). This material could not be recovered quantitatively in the absence of mercaptoethanol, probably because of the formation of aggregates, which could be seen on top of the gel. HN oligomers could first be seen on the cell surface after a 20-min chase (Fig. 6, lane b) . With longer chase periods, the amount of HN oligomers on the cell surface increased (lanes b through d) . Most HN on the cell surface was in the form of oligomers; only a minor amount was present in the form of the monomer, which could be detected as a faint band just above the F1-F2 doublet band. Thus, the results shown in Fig. 5 and 6 (27) . Also, the HN glycoprotein of Newcastle disease virus has been found to have a slower migration rate to the cell surface than the vesicular stomatitis virus G protein (23) . As far as mumps virus is concerned, it is not known whether the similar migration rates of HN and F reflect an intrinsic property of the proteins or whether they are somehow associated and therefore reach the cell surface simultaneously. We have also compared the kinetics of appearance of mumps viral glycoproteins on cell surfaces with the time course of cleavage of the F glycoprotein and the formation of HN oligomers. Proteolytic cleavage of the fusion protein of Sendai virus is an extracellular event (7), whereas with Newcastle disease virus. cleavage is reported to occur on intracellular membranes (13, 23) . With the latter virus, HN dimers have been found in the rough endoplasmic reticulum (23) . Mumps virus apparently differs from Newcastle disease virus in that cleavage of F and formation of HN oligomers are posttranslational modifications which occur after the appearance of the glycoproteins on the surfaces of infected Vero cells. The factors which determine that both of these modifications are late events are unknown. One possibility is that after completion of glycosylation. conformational changes of the glycoproteins occur, which favor formation of HN oligomers and which make the F protein accessible to cleavage by protease. Alternatively, the conditions on the cell surface (pH, presence of suitable ions and proteases) may be necessary for the glycoprotein modifications.
